The expression of the Flo11 flocculin in Saccharomyces cerevisiae offers the cell a wide range of phenotypes, depending on the strain and the environmental conditions. The most important are pseudohyphae development, invasive growth and flocculation. The mechanism of cellular adhesion mediated by Flo11p is not well understood. Therefore, the N-terminal domain of Flo11p was purified and studied. Although its amino acid sequence shows less similarity with the other flocculins, Flo11p belongs to the flocculin family. However, the N-terminal domain contains the 'Flo11-domain' (PF10181), but not the mannose-binding PA14 domain, which is present in the other flocculins (Flo1p, Flo5p, Flo9p and Flo10p). Structural and binding properties of the Nterminal domain of Flo11p were studied. It is shown that this domain is O-glycosylated and is structurally composed mainly of b-sheets, which is typical for the members of the flocculin family. Furthermore, fluorescence spectroscopy binding studies revealed that N-Flo11p does not bind mannose, which is in contrast to the other Flo proteins. However, surface plasmon resonance analysis showed that N-Flo11p self-interacts and explains the cell-cell interaction capacity of FLO11-expressing cells.
Introduction
Saccharomyces cerevisiae shows different phenotypes depending on its genetic background and its environmental condition. The yeast has been commonly studied as a single-cell organism living freely in suspension. However, in its natural environment, the cells frequently switch over from a planktonic life style to complex multicellular structures such as flocs, filaments, mats and flors (Palkova, 2004) . These morphological transitions have been suggested as a mechanism for this nonmotile species to permit foraging for nutrients (Gimeno et al., 1992; Iserentant, 1996; Cullen & Sprague, 2000; Dickinson, 2008) .
For example, haploid cells become adherent and invade the surface of a semi-solid agar medium, so that they do not wash off. This is called invasive growth, and this morphological switch is caused by glucose depletion around the growing cells (Roberts & Fink, 1994; Cullen & Sprague, 2000) . Diploid cells display a similar filamentous transition by adhering to each other after cell division, when sensing a low nitrogen concentration. In diploid pseudohyphal growth, the cells adopt an elongated shape and form long filaments that grow out from the colony edge (Gimeno et al., 1992; Kron et al., 1994; Mosch, 2000) . Pseudohyphal development of S. cerevisiae has features in common with dimorphism of pathogenic fungi, where the dimorphic transition is often correlated with pathogenicity. Thus, the molecular models drawn from studies of pseudohyphal development of S. cerevisiae build a valuable basis for studying dimorphism in pathogenic fungi that are experimentally less accessible and therefore offer important insights into the mechanism and control of fungal disease (Mosch, 2000) .
Yeast cells exhibit these morphological transitions when a class of genes, encoding flocculins, is present in their genome. More specifically, the adhesion of the cells to substrates, the pseudohyphal and the invasive growth are S. cerevisiae phenotypes resulting from the expression of the FLO11 (also known as MUC1) gene (Lambrechts et al., 1996; Lo & Dranginis, 1998; Rupp et al., 1999) . Other phenotypes of S. cerevisiae associated with the FLO11 expression are the formation of mats, complex colony-like structures on low-density semi-solid medium (Reynolds & Fink, 2001; Reynolds et al., 2008) ; the airliquid interfacial cellular aggregation in the process of sherry-like wine fermentations, called a flor or velum (Zara et al., 2005; Ishigami et al., 2006) ; and the adherence to a range of solid surfaces, such as glass, stainless steel, agar and plastics, possibly leading to the development of biofilms (Reynolds & Fink, 2001; Mortensen et al., 2007) . Biofilm formation is a severe problem in the medical sector as they offer protection to the cells, for example, by conferring resistance to antifungal drugs (Bryers, 2008) .
Furthermore, it was observed that the expression of the FLO11 gene also controls cell-cell adhesion, which leads to the aggregation of the yeast cells into clumps that sediment to the bottom of the fermentor (Lo & Dranginis, 1996; Bayly et al., 2005; Douglas et al., 2007) . This phenomenon occurs at the end of the beer fermentation, when almost all fermentable sugars are converted into ethanol and carbon dioxide and is called flocculation.
Remarkably, the flocculation phenotype caused by Flo11p was observed only for Saccharomyces cerevisiae var. diastaticus (Lo & Dranginis, 1996; Bayly et al., 2005; Douglas et al., 2007) , and also microscopic flocs consisting of 6-30 cells could be observed under the microscope for the laboratory strains BY4741 and BY4742 (S288C) when Flo11p was overexpressed (Purevdorj-Gage et al., 2007; Van Mulders et al., 2009) . The other phenotypes, such as invasive growth, pseudohyphal growth, development of mats and biofilm formation, are mainly associated with S. cerevisiae strain Σ1278b, expressing Flo11p (Lo & Dranginis, 1998; Cullen & Sprague, 2000; Douglas et al., 2007) . However, when overexpressed in S. cerevisiae strain Σ1278b, a Flo11p-dependent, but calcium-independent flocculation behaviour was observed (Guo et al., 2000) , indicating that an identical adhesin expressed in different yeast strains can exhibit different FLO11-dependent properties. Clearly, other factors must be involved in these phenomena.
The FLO11 gene in S. cerevisiae encodes the Flo11 protein, which is a member of the flocculin family. However, Flo11p is more distantly related to the other flocculins in this family. Indeed, the predicted protein product of FLO11 is 37% similar to the product of FLO1 (26% identical) (Lo & Dranginis, 1996) , while the other members of the flocculin family show a higher degree of similarity (Jin & Speers, 1998) . The FLO11 gene contains 4101 base pairs and is located on chromosome IX. It encodes a 1367 amino acid cell wall protein assembled by three major domains: a carboxy (C)-terminal domain possessing a glycosylphosphatidylinositol (GPI) remnant to anchor the protein in the cell wall, a central domain containing a highly repeated threonine-and serine-rich sequence and finally an amino (N)-terminal domain located outside the cell wall (Lambrechts et al., 1996; Lo & Dranginis, 1996 .
The wide range of phenotypes that are directly attributed to the FLO11-encoded glycoprotein are based on adhesion events, and therefore, the binding properties of Flo11p were investigated in this study. As Flo11p is an adhesin from the Flo family, where the adhesive properties are located in the N-terminus of the proteins, only the N-terminal domain was examined. In the Pfam database, a domain is associated with this part of Flo11p, which is called the 'Flo11-domain' (PF10181), covering residues 42-195. This domain is conserved in some related species within the Saccharomycotina (Linder & Gustafsson, 2008) . Moreover, it is suggested that Flo11p shows a lectin activity that is related to amino acids present in the N-terminus, in particular the WQWGT motif (Bayly et al., 2005; Douglas et al., 2007) . The N-terminal domain of Flo11p was expressed in S. cerevisiae, purified and studied. The secondary structure of the domain was evaluated as well as the presence of glycans on the protein. Our results show that N-Flo11p is not a mannosebinding protein but can make homotypic interactions.
Materials and methods

Construction of N-FLO11 expression plasmid
The determination of the N-terminal domain of FLO11 was based on the results of Lambrechts et al. (1996) . It was proposed that the N-terminal domain stops where the tandem repeats start (at aa 210). Two oligonucleotides [Flo11_3, 5′-(TCCTTAGTCAAAAGGTTTCCA ACTGCACTAGTTCCAAGA)-3′; and Flo11_4, 5′-(GGA-GATCGGA ATTCGTCAGTGATGGTGATGGTGATGCTT CGTACCGCCACAATTATTGTCA)-3′] were designed to amplify the N-terminal domain of Flo11p coding sequence from the genomic DNA of S. cerevisiae strain S288C. Primer Flo11_4 contains a sequence for 6 histidines to add a histidine tag to the C-terminal part of the protein, which will allow purifying the protein using a Ni-NTA column. The predicted molecular weight of the expressed protein is 22 kDa. The yeast-Escherichia coli shuttle vector pYEX-S1 was used for cloning of the N-terminal part of the FLO11 gene. Cloning was performed using the In-Fusion TM method (Clontech, Mountain View, CA), which is based on the recombination between identical sequences of the vector and the amplified gene (Benoit et al., 2006; Zhu et al., 2007) . The construction of the expression plasmid was confirmed by a combination of PCR and DNA sequence analysis (Genetic Service Facility, VIB, Belgium). In the pYEX-S1 vector, the cloned gene is regulated by the strong constitutive phosphoglycerate kinase (PGK) promoter, and this vector includes the b-lactamase gene for selection in E. coli and the yeast-selectable marker URA3. The Flo11p secretion sequence (aa 1-21) was not included during cloning, as the pYEX-S1 vector contains the full-length leader sequence from Kluyveromyces lactis to direct proteins through the secretory pathway for secretion into the growth medium. Transformation into E. coli strain DH5a was carried out using a heat shock as described previously (Sambrook & Russel, 2001 ). The S. cerevisiae strain S288C BY4741 was transformed using the lithium acetate procedure (Ito et al., 1983; Gietz & Schiestl, 2007) .
Expression and purification of the N-terminal domain of Flo11p
Transformed S. cerevisiae cells were cultivated in shake flasks. The cells were grown in yeast extract-peptone-dextrose (YPD) medium containing 1% (w/v) yeast extract, 2% (w/v) peptone and 2% (w/v) D-glucose. Overnight cultures were grown by inoculating 90 mL YPD medium with one pYEX-S1-containing S. cerevisiae colony. Cultures were shaken and incubated at 30°C. Subsequently, the overnight cultures were diluted into 2 L of YPD medium and allowed to grow to an OD 600nm of 10 by incubation at 30°C for 64 h while shaking (110 r.p.m.). The cells were separated from the medium by centrifugation (12 000 g, 20 min, 4°C), and the resulting supernatant was adjusted to pH 7.2 to protonate the histidines of the His-tag. The N-terminal domain of Flo11p was captured from the growth medium by affinity chromatography using a nickel-nitrilotriacetic acid (Ni-NTA) Sepharose column (6 mL) and was eluted with 1 M imidazole in phosphate-buffered saline. To further purify N-Flo11p, the elution fractions were pooled, concentrated to 2 mL (using an Amicon centrifugal filter unit with MWCO of 3000 Da; Millipore, Billerica, MA), and subjected to gel filtration chromatography (Superdex 75 HR 10/30; GE Healthcare) in 20 mM Tris, pH 7.5 and 150 mM NaCl. The eluate of the Ni-column and the purified proteins from gel filtration were analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). The concentration of pure N-Flo11p was estimated from the absorption at 280 nm.
Detection of (glyco) proteins
After purifying the N-terminal domain of Flo11p, SDS-PAGE was performed to visualize the protein and to estimate its molecular mass. 
Enzymatic deglycosylation
To remove the N-glycans, the protein was treated with endo-b-N-acetylglucosaminidase H (Endo H; New England Biolabs) at a concentration of 100 U lg À1 protein, in 20 mM Na-acetate buffer (pH 5.0). The mixture was incubated at 37°C for 4 h.
Circular dichroism
Circular dichroism (CD) measurements were performed with a J715 spectropolarimeter (Jasco) in the far-UV (200 -240 nm) region, using a cell with a path length of 0.1 cm. The protein was diluted in 400 lL phosphate buffer (50 mM at pH 7.5) to obtain a final concentration of 0.3 mg mL
À1
. Data were acquired with a scanning speed of 50 nm min À1 , a 2-s integration time and a 1-nm bandwidth at a constant temperature of 25°C. Six spectra were measured and averaged. The mean residual ellipticity, [h], was calculated as follows: [h] = (100 9 hm) (cL) À1 , where h is the observed ellipticity, m is the mean residual weight, c is the concentration (mg mL À1 ) and L is the path length (cm). A quantitative estimation of the secondary structure composition was facilitated by applying the K2D2 method and using the SELCON3, CONTINLL and CDSSTR programs (Provencher & Glockner, 1981; Andrade et al., 1993; Johnson, 1999; Sreerama et al., 1999; Perez-Iratxeta & Andrade-Navarro, 2008) .
Fluorescence spectroscopy
The binding of D-(+)-mannose to N-Flo11p was studied by fluorescence spectroscopy. The measurements were performed at 20°C, using a luminescence spectrometer (model LS55; PerkinElmer, MA). An excitation wavelength of 277 nm, a scan speed of 100 nm min À1 and an excitation and emission slit width of 5 nm were used during the experiments. The initial sample volume was 500 lL, containing 2 lM N-Flo11p in flocculation buffer (50 mM sodium acetate, pH 4.5, 100 mM NaCl and 7 mM CaCl 2 ). One hundred millimolars of mannose from a concentrated stock solution containing 2 M sugar was added to the protein solution, then the sample was mixed and the fluorescence was measured immediately. As a positive control, 100 mM D-(+)-mannose was added to N-Flo1p, under exactly the same conditions. Emission spectra were collected from 300 to 450 nm and corrected relative to a buffer blank. Averages obtained from three independent experiments were displayed on the graph.
Surface plasmon resonance
The interaction of the N-terminal domain of Flo11p to another N-Flo11p was studied by surface plasmon resonance (SPR) using a Biacore 3000 TM instrument (GE Healthcare, Upsalla, Sweden) at 25°C. The covalent immobilization of N-Flo11p in flow cell 2 (FC 2) on the CM5 BIAsensor chip was accomplished via amine coupling chemistry, using an amino coupling kit (BIAcore; GE Healthcare) with 20 mM sodium acetate pH 4.0 as immobilization buffer. Glycosylated N-Flo11p was immobilized to a response around 95 resonance units (RU). Flow cell 1 (FC 1) was treated in the same way as FC 2 except that it was blocked immediately after activation and was used as the reference surface to subtract the RU as a result of the refractive index of the protein solution and any instrument noise.
Increasing concentrations ranging from 11 nM to 90 lM of glycosylated N-Flo11p were allowed to flow across both flow cells The results were analysed with the BIAevaluation software version 4.1 (GE Healthcare). Binding was observed by measuring the increase in RU when injecting different concentrations of the analyte and after subtracting the background response.
Results
Expression and purification of N-Flo11p
N-Flo11p was captured from the growth medium using a nickel column and was eluted with imidazole. The eluate was analysed by SDS-PAGE, and staining of the proteins revealed two bands with different molecular masses (Fig. 1a) . N-terminal sequencing and mass spectrometric analysis of the protein bands revealed that the upper band corresponds to N-Flo11p. Four peptides belonging to N-Flo11p were identified after trypsin digestion (FPTALVPRG, KENIDLKY, KYLWSLKI and KIIGVTGPKG). To further purify N-Flo11p, the elution fractions were subjected to gel filtration chromatography. The purified protein was visualized with SDS-PAGE (Fig. 1b) , and the concentration was estimated from the absorption at 280 nm. The yield obtained with this purification protocol was about 0.5 mg L À1 culture.
The N-terminal domain of Flo11p is O-glycosylated
The calculated molecular mass of the N-terminal domain of Flo11p without glycosylation is 22 kDa. On the SDS gel (Fig. 1b) , it is observed that N-Flo11p corresponds to this molecular mass, which indicates that the protein is not N-glycosylated. This observation is in accordance with the prediction of N-glycosylation sites based on the amino acid sequence of the N-terminal domain of Flo11p (data not shown). To confirm the absence of N-glycans on N-Flo11p, the protein was treated with Endo H and visualized with SDS-PAGE (Fig. 1c) . No decrease in molecular mass of N-Flo11p is observed. Hence, it is concluded that no N-glycans are present on the N-terminal domain of Flo11p. O-glycosylation often occurs in a region of the protein that contains a high proportion of serine and threonine, with neighbouring proline residues (Lehle & Bause, 1984) . In the amino acid sequence of the N-terminal domain of Flo11p, several threonine (18), serine (14) and proline (7) residues are found. To verify whether N-Flo11p contains O-glycans, the SDS gel containing N-Flo11p was stained with the Pro-Q Emerald 300 Glycoprotein Gel and Blot Stain kit (Fig. 1d) . This staining procedure allows the visualization of glycans. As N-Flo11p can be visualized on the SDS gel, it is concluded that N-Flo11p is O-glycosylated.
N-Flo11p is mainly composed of b-sheets
A CD spectrum of N-Flo11p was recorded in the far-UV spectrum to investigate its secondary structure (Fig. 2) . The observed spectrum is typical for folded proteins, and its shape, exhibiting one minimum around 215 nm, indicates a prevalence of b-sheets. The fitting of the CD spectrum, using the method of Perez-Iratxeta and Andrade-Navarro, indicates a b-sheet content of 48% and an a-helix content of 4% (Perez-Iratxeta & Andrade-Navarro, 2008 ). In addition, secondary structure content deconvolution of the spectrum, using the SELCON3, CONTINLL and CDSSTR programs, suggested that the b-sheet content was 31%, 40.5% and 42.8%, respectively. The a-helix content was also evaluated with the same programs. Values of 2%, 3% and 2.8% were found for the a-helix content using SELCON3, CONTINLL and CDSSTR, respectively. On average, the secondary structure of N-Flo11p contains about 40.6% b-sheets and 3.0% a-helices.
N-Flo11p does not bind mannose
A pentapeptide in the N-terminal ligand-binding domain of several yeast adhesins was identified to be involved in sugar recognition (Kobayashi et al., 1998; Zupancic et al., 2008) . In the case of the epithelian adhesins proteins from Candida glabrata, this pentapeptide is the EYDGA motif (Zupancic et al., 2008) . In the flocculin family from S. cerevisiae, the amino acids interacting with the carbohydrate are found in the VSWGT motif (Kobayashi et al., 1998) . This pentapeptide is well conserved among the members of the flocculin family (Bayly et al., 2005; Van Mulders et al., 2009; Veelders et al., 2010) . The tryptophan residue at position 228, which is present in all the studied adhesins with the exception of Lg-Flo1, was shown to be involved in mannose recognition through binding with the C-2 hydroxyl group of mannose (Kobayashi et al., 1998; Veelders et al., 2010) . Aligning the binding region of the flocculins shows convincingly that Flo11p also contains the crucial tryptophan residue (Fig. 3) . In binding studies using fluorescence spectroscopy, the quenching of this residue upon binding with mannose can be followed by measuring the intensity of the emission peak at 350 nm . For N-Flo1p -a known mannose-binding protein -the fluorescence intensity decreases to approximately 50% of the initial value upon the addition of 100 mM mannose (dashed line in Fig. 4) . In contrast, no change in the intensity of the emission peak at 350 nm was observed upon addition of 100 mM mannose to N-Flo11p (Fig. 4) . This result indicates that mannose does not interact with the N-terminal domain of Flo11p, in contrast to the other flocculins (Flo1p, Flo5p, Flo9p and Flo10p) . 
N-Flo11p molecules self-interact
Recently, a homotypic adhesive mechanism has been detected for Flo11p (Douglas et al., 2007) . The whole Flo11 protein was purified and covalently attached to microscopic beads. The Flo11p-coated beads were able to bind S. cerevisiae var. diastaticus expressing Flo11p, but not to cells that do not express Flo11p. Therefore, Flo11p itself was considered as an important adhesive target on the cell wall for Flo11p, if not the only target (Douglas et al., 2007) .
In our study, we have assessed the homotypic interaction of the N-terminal domain of Flo11p. SPR was used to determine qualitatively the binding between N-Flo11 proteins. Therefore, N-Flo11p was coupled to a BIAsensor chip, and increasing concentrations of N-Flo11p (11 nM, 88 nM, 350 nM, 5.6 lM, 11.2 lM, 22.5 lM, 45 lM and 90 lM) were flown over that chip allowing the proteins to interact. The clear concentration-dependent increase in signal indicates that N-Flo11p is able to bind to NFlo11p, which is called a homotypic interaction (Fig. 5) .
Discussion
The flocculin encoded by the FLO11 gene is responsible for a wide variety of phenotypes exhibited by S. cerevisiae cells expressing this Flo11p. These include haploid invasive growth (Roberts & Fink, 1994; Cullen & Sprague, 2000) , development of pseudohyphae (Gimeno et al., 1992; Kron et al., 1994; Mosch, 2000) , biofilm formation (Reynolds & Fink, 2001) , mat formation (Reynolds & Fink, 2001; Reynolds et al., 2008) , flor formation (Zara et al., 2005; Ishigami et al., 2006) , adhesion to surfaces (Lo & Dranginis, 1998; Reynolds & Fink, 2001; Mortensen et al., 2007) and flocculation (Lo & Dranginis, 1996; Bayly et al., 2005) . These cellular adhesion phenomena are mediated by Flo11p, but the mechanism is not well understood at the molecular level and very little is known about the structure and function of the protein. Therefore, in this study, this versatile flocculin was purified and studied.
The members of the flocculin family are composed of three domains, and the binding activity is located in the N-terminal part (Bony et al., 1997; Kobayashi et al., 1998; Goossens et al., 2011) . Other adhesins from both pro-and eukaryotic origin also possess their binding (Kobayashi et al., 1998; Zupancic et al., 2008) , is marked as a grey box. The conserved tryptophan residue is outlined in red. (Zhou et al., 2001) ; the N-terminal part of Als1p from Candida albicans interacts with extracellular matrix proteins, epithelial and endothelial cells (Loza et al., 2004; Sheppard et al., 2004; Donohue et al., 2011) . Also, it was suggested that Flo11p shows a lectin activity that is related to amino acids present in the N-terminus (Bayly et al., 2005; Douglas et al., 2007) . For these reasons, only the N-terminal domain of Flo11p was cloned, expressed and purified from S. cerevisiae to study its structural and binding properties. In this study, the purified N-Flo11p was analysed by SDS-PAGE, and it was found that this domain is decorated with O-glycans and does not contain N-glycans. Moreover, the secondary structure was evaluated by CD. By analysing the spectrum, we calculated that the secondary structure of N-Flo11p contains about 40.6% bsheets and 3.0% a-helices. These values are comparable with the percentages found for N-Flo1p (37.7% b-sheets and 6.5% a-helices) . The prevalence of b-sheets in the N-terminal domain is typical for flocculins. This part of most of the flocculins has been assigned to a new domain family (PF07691) in Pfam (Finn et al., 2010) (http://pfam.sanger.ac.uk), called the PA14 domain (Rigden et al., 2004) . The PA14 domain is a conserved domain that has been discovered in a wide variety of bacterial and eukaryotic proteins, which include many glycosidases, glycosyltransferases, proteases, amidases, bacterial toxins, such as anthrax protective antigen (PA), and also yeast adhesins. Most of the experimentally characterized PA14-containing proteins are involved in carbohydrate binding and/or metabolism. Therefore, the N-terminal domains of the member proteins of the flocculin family were considered as one of the many PA14 domain variants (Rigden et al., 2004) . The anthrax toxin PA also contains a PA14 domain, and the crystal structure of this toxin revealed that this domain consists of a series of antiparallel b-strands (Petosa et al., 1997) . Although a PA14 domain was not predicted for Flo11p (Goossens & Willaert, 2010) , the secondary fold of the N-terminal part of the protein is also dominated by b-sheets.
The fact that the Flo11 flocculin does not contain this PA14 domain indicates that no lectin activity was predicted. Indeed, by fluorescence spectroscopy, it was shown that N-Flo11p is not able to bind mannose (Fig. 4) . Glycan array screening for N-Flo11p confirmed this result (Consortium for Functional Glycomics, www. functionalglycomics.org, request 2078 and 1224, supplying investigator: Lars-Oliver Essen, Department of Chemistry/ Biochemistry, Philipps-Universität Marburg, Germany). The Flo11 protein was tested for its interaction with 465 different glycan structures (version 4.1) printed on an array (request 2078) and 377 glycan structures (version 3.1) (request 1224), but no conclusive data were obtained for glycan interaction analysis of N-Flo11p with and without the GST tag, N-Flo11p with a His-tag and after dimerization of N-Flo11p. No binding to mannose or to any other glycans from the array was detected. The detection was based on fluorescence as the adhesin was directly labelled with the fluorophore 'Alexa 488'. Other members of the flocculin family, however, are able to bind mannose, and their N-terminal domains correspond to the PA14 domain (Rigden et al., 2004) . Indeed, a clear lectin activity was demonstrated for N-Flo1p and N-Flo5p (Veelders et al., 2010; Goossens et al., 2011) .
In contrast, Douglas et al. (2007) indirectly detected mannose-binding activity for Flo11p. The whole Flo11 protein was purified from the growth medium after overexpression in S. cerevisiae var. diastaticus or in S. cerevisiae Σ1278b. It was observed that beads coated with Flo11p were able to bind S. cerevisiae var. diastaticus cells expressing Flo11p. This interaction was inhibited by the addition of a high (1 M) concentration of mannose, which suggests that Flo11p is a member of the Flo1-type flocculins and functions as a lectin in S. cerevisiae var. diastaticus (Douglas et al., 2007) . Moreover, by studying the interaction between the coated beads and yeast cells, it was put forward that Flo11p shows a homotypic interaction (Douglas et al., 2007) . Indeed, the beads could only interact with yeast cells that express Flo11p, suggesting that Flo11p itself is an important part of the adhesive target on the cell wall, if not the only target.
In this study, the homotypic binding of Flo11 proteins was confirmed by SPR as a clear and concentrationdependent interaction of N-Flo11p molecules was observed (Fig. 5) . The mechanism of this interaction cannot be based on a lectin-carbohydrate interaction. The protein-protein interaction could be based on electrostatic and hydrophobic interactions, and influenced by the presence of the O-glycans (Fig. 1) . Also, yeast cells expressing Flo11p have a highly hydrophobic character (Reynolds & Fink, 2001; Van Mulders et al., 2009) , although the link between the hydrophobicity of the cell wall and the presence of expressed Flo11p on the cell wall is not yet clear. Recently, it was suggested that the whole Flo11 protein has a hydrophilic character (Karunanithi et al., 2010) .
Recently, it has been demonstrated that many adhesins from budding yeasts contain amyloid-forming sequences that can play a role in cell-cell interactions (Otoo et al., 2008; Alsteens et al., 2010; Frank et al., 2010; Nobbs et al., 2010; Ramsook et al., 2010; Garcia et al., 2011) . These adhesins contain sequences with high b-aggregation potential; VVSTTV and VTTAVTTTVV were indicated for the full Flo11p (these sequences are, however, not present in the N-terminal part of Flo11p). Experimental results indicate that amyloid formation leads to the bundling of adhesins into nanodomains, which can greatly increase the intercellular binding strength by increasing the avidity (Douglas et al., 2007; Ramsook et al., 2010) and, consequently, can reinforce the Flo11p homotypic interactions between cells. It has been shown that an applied force can induce the formation of these nanodomains (Alsteens et al., 2010) and that they can be regulated by exogenous peptides (Garcia et al., 2011) . Experimental results also suggest that amyloids are formed between adhesion molecules on contacting cells (Rauceo et al., 2004; Ramsook et al., 2010) . Such intercellular amyloids would also strengthen the proteinprotein intercellular adhesive bonds.
In conclusion, this study describes for the first time the purification and subsequent characterization of the N-terminal domain of Flo11p, a flocculin exhibiting a plethora of phenotypes. SPR analysis showed a homotypic interaction. However, in contrast to the other Flo proteins, NFlo11p does not bind mannose. The exact mechanism of this protein-protein interaction and the involvement of the O-glycans have still to be revealed.
